Proper localization of various ion channels is fundamental to neuronal functions, including postsynaptic potential plasticity, dendritic integration, action potential initiation and propagation, and neurotransmitter release. Microtubule-based forward transport mediated by kinesin motors plays a key role in placing ion channel proteins to correct subcellular compartments. PDZ-and coiled-coil-domain proteins function as adaptor proteins linking ionotropic glutamate and GABA receptors to various kinesin motors, respectively. Recent studies show that several voltage-gated ion channel/ transporter proteins directly bind to kinesins during forward transport. Three major regulatory mechanisms underlying intracellular transport of ion channels are also revealed. These studies contribute to understanding how mechanical forces are coupled to electrical signaling and illuminating pathogenic mechanisms in neurodegenerative diseases.
Introduction
Electrical and chemical signaling of neurons depends on concerted actions of various types of voltage-and ligandgated ion channels that are properly placed at distinct neuronal compartments. A fully differentiated neuron usually has multiple dendrites with elaborate branches and a long axon, responsible for inputs and outputs of neuronal electrical signals, respectively. Dendritic ion channels, including ionotropic neurotransmitter receptors, are involved in postsynaptic potential generation in response to neurotransmitters, dendritic integration, and backpropagation of action potentials, whereas axonal ion channels, including voltage-gated K + (Kv) and Na + (Nav) channels, are required for an action potential's initiation, propagation, frequency, and waveform. Voltage-gated Ca 2+ channels, together with soluble N-ethylmaleimidesensitive factor activating proteins, are required for Ca 2+dependent neurotransmitter release at axonal terminals.
A neuron's genetic material, genomic DNA, is constrained within its nucleus in the cell body, or soma. Although local translation in dendrites or axons does occur for some proteins, most proteins are synthesized in the soma, including ion channel proteins. Ion channel genes, of which there are more than 250, constitute approximately 1.2% of all known protein-coding genes in the human genome. Because of alternative splicing of channel subunit genes and multimerization of channel protein complexes, thousands of different channel protein complexes can be generated in the nervous system in total. How different channel complexes are precisely placed into correct neuronal compartments appears to be a great challenge to a neuron. Intracellular active transport by molecular motors plays a major role in ion channel placement. There are three groups of molecular motors, kinesin, myosin, and dynein (see recent reviews for detailed information regarding the three motors-Hammer and Sellers 2012; Hirokawa and others 2009; Kardon and Vale 2009) . In this review, we focus on the kinesin motors, since kinesinmediated transport of ion channels is relatively better understood, compared with myosin-or dynein-mediated transport of ion channels, which is beyond the scope of this review. The kinesin family consists of 45 members that can be divided into three groups depending on the location of the motor domain: either N-terminal, middle or C-terminal (see a review for details, Hirokawa and Noda 2008) . The four kinesins that will be discussed in this review are KIF1/kinesin-3, KIF3/kinesin-2, KIF5/ kinesin-1, and KIF17/kinesin-2. They are all N-terminal kinesins that move toward the plus end of microtubules. Most N-terminal kinesin motor heavy chains function as a dimer with each containing a motor domain, a coiledcoil domain for dimerization, and a tail domain that binds cargoes. KIF1 is an exception and it is a monomeric motor. The N-terminal kinesin motor "walks" down microtubules over long distances by use of ATP hydrolysis (Yang and others 1990) .
How a limited number of kinesin motors selectively transport thousands of ion channel complexes is an intriguing question. The prevailing theme was that various ion channels are linked to kinesin motors through specific adaptor proteins. However, recent studies suggest that some ion channels or transporters may directly bind to kinesin motors without any adaptor protein. In this review, we focus on adaptor proteins and the physical link between ion channels and kinesins. We start our discussion with the transport of ligand-gated ion channels, including glutamate and GABA A receptors. These receptors are involved in fast synaptic transmission and have been extensively studied. Different adaptor proteins have been identified so that the same channel can be transported by different motors. Next, we discuss the direct binding of several voltage-regulated ion channels and transporters to kinesin motors. For most ion channels, the adaptor proteins and/or kinesins remain unknown. Finally, we discuss three regulatory mechanisms underlying ion channel transport and their potential roles in neurological diseases.
Transport of Ion Channels via Adaptor Proteins

AMPA Receptors
AMPA (α-amino-3-hydroxy-5-methylisoxazole-4propionate) receptors are ligand-gated glutamate receptor ion channels that function in rapid excitatory synaptic transmission (Hollmann and Heinemann 1994; Seeburg 1993) . This non-selective cation channel allows for the influx of sodium, potassium, or calcium ions. Most AMPA receptors are heterotetrameric channels that can be made up of various combinations of four subunits, consisting of symmetric "dimer of dimers" of GluR1 through GluR4 subunits. GluR subunits share a similar structure of 4 transmembrane (TM) segments with a pore loop between TM2 and TM3, an extracellular N-terminal domain, and an intracellular C-terminal domain (Fig. 1A) . One interesting note is that if the channel contains the GluR2 subunit then it no longer permits calcium influx (Hollmann and others 1991) . AMPA receptor trafficking has been extensively studied. Multiple kinesin motors and adaptor proteins have been identified.
Glutamate receptor interacting protein-1 (GRIP-1) is a potential major adaptor protein linking AMPA receptors to kinesin motors. GRIP-1 was identified as a binding partner of the C-terminus of GluR2 with the yeast two-hybrid method (Dong and others 1997) . The GRIP family proteins (GRIP-1 and GRIP-2) contain six or seven PDZ domains (Fig. 1A) . The PDZ domain was named due to the first three proteins it was discovered in; mammalian PSD-95, drosophila Discs-large, and mammalian ZO-1 (Kennedy 1995) . Two alternative splicing variants of GRIP-1, GRIP-1a and GRIP-1b, differ in their N-termini (Yamazaki and others 2001) . The fifth PDZ domain of GRIP-1 and GRIP-2 binds to the C-terminal sequence of GluR2/3 subunits of the AMPA receptor (Dong and others 1997; Srivastava and others 1998; Wyszynski and others 1999) . In particular, the region of GRIP-1 (aa ˜4 41-658, PDZ5) was shown to directly interact with the C-terminal of GluR2 (-ESVKI; Fig. 1A ), and deletion of the last seven residues of GluR2 eliminates this interaction (Dong and others 1997) . The GRIP-1/KIF5 interaction was later mapped to the region between the sixth and seventh PDZ domains of GRIP-1 and the C-terminal tail of KIF5 (aa. 807-934, adjacent to the KLC-binding site, aa. 771-813; Setou and others 2002) . The KIF5-binding site in GRIP-1 is not present in GRIP-2. The GRIP-1-binding site is present in all KIF5 isoforms (KIF5A, KIF5B, and KIF5C), but not in other KIFs (Setou and others 2002) . This interaction leads to KIF5 being directed to the dendrites, where it functions as a motor to transport AMPA receptors ( Fig. 1A ; Setou and others 2002) .
Liprin-α is another potential adaptor protein that links GluR2/3 receptors to a different kinesin motor, KIF1A. The Liprin-α family of proteins (α1 to α4) was originally found to bind to the LAR family of receptor proteintyrosine phosphatases (Pulido and others 1995; Serra-Pages and others 1995; Serra-Pages and others 1998). Liprin-α has an N-terminal coiled-coil domain and C-terminal sterile α motifs (Fig. 1A) . The Liprin-α C-terminal region was shown to directly interact with the GRIP-1 PDZ6 domain using yeast two-hybrid assay ( Fig. 1A ; Wyszynski and others 2002) . This is intriguing because this binding site is right next to the GluR2 binding site. Therefore, the two binding site may interact with each other. This seems to be the case, since interfering with the Liprin-α/GRIP-1 interaction led to reductions in GluR2 clustering along dendrites and in AMPA receptor surface expression (Wyszynski and others 2002) . The N-terminal region of Liprin-α was also shown to bind to KIF1A C-terminus (Fig 1A; Shin and others 2003) . This allows for transport of Liprin-α-associated proteins via KIF1A, including AMPA receptors, through Liprin-α's interaction with GRIP-1 ( Fig. 1A) . The GluR2/3 subunits of AMPA receptors interact with glutamate receptor interacting protein-1 (GRIP-1), which binds to either KIF5 or KIF1. The diagram of a tetrameric AMPA receptor/channel is on the upper right. The diagram of a single GluR subunit is on the upper left, which contains four TM segments (gray bars), extracellular N-terminal domain, and intracellular C-terminal domain. The GluR2/3 C-termini bind to the PDZ5 domain (aa. 441-658) of GRIP-1. The residue number and the last five residues (-ESVKI*) are from GluR2. The cyan boxes numbered from 1 to 7 indicate seven PDZ domains. The region between PDZ6 and PDZ7 of GRIP-1 (aa. 753-987) interacts with the KIF5 C-terminal cargo binding region (aa. 807-934 from KIF5B). The PDZ6 domain (aa. 658-753) of GRIP-1 interacts with the C-terminal region of Liprin-α, which contains sterile α motifs (red boxes). The C-terminal half of the coiled-coil domain (the dark blue box) in the Liprin-α N-terminus (aa. 351-673) binds to the C-terminal region of the KIF1A motor (aa. 657-1105). Blue balls: N-terminal motor domains of kinesins. "N," the N-terminus of the protein; "C," the C-terminus of the protein; the number near the C-terminus; the total residue number. The residue numbers of protein binding sites are given whenever they are available. (B) The GluR1 subunit of AMPA receptors interacts with KIF17 through mLin-10. The PDZ1 domain of mLin-10 (aa. 650-840) can interact with both the GluR1 C-terminus and the KIF17 C-terminal region (aa. 957-1038). Yellow box: phosphotyrosine binding domain.
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The Neuroscientist 19(2) LIN-10, another PDZ-domain protein, initially discovered in Caenorhabditis elegans, play an important role in trafficking GLR-1 the C. elegans homolog of the mammalian GluR1 subunit (Kaech and others 1998; Rongo and others 1998) . The mammalian ortholog, mLin-10, has two isoforms Mint-1 and Mint-2 (Okamoto and Sudhof 1997) . mLin-10 contains a phosphotyrosine binding domain, and two PDZ domains (PDZ1-2) at its C-terminal region (Fig. 1B ; Kaech and others 1998; Okamoto and Sudhof 1997) . Both GST-pulldown and coimmunoprecipitation (co-IP) experiments showed a direct interaction between mLin-10 and GluR1. The first PDZ domain of mLin-10 can interact with the C-terminal tail of GluR1, and perhaps the tail of GluR2 as well ( Fig. 1B) . Exogenous expression of mLin-10 with a point mutation in the PDZ1 domain leads to an increase in surface expression of exogenous GluR1 (Stricker and Huganir 2003) . However, the motor that transports the AMPA receptor via the mLin-10 adaptor is unknown, but it is most likely to be KIF17, the same motor to transport NMDA receptors.
The binding of different subunits of AMPA receptors to different adaptor proteins that are linked to different kinesin motors, reveals a complex transport system. Since AMPA receptors are tetramers, the composition of the AMPA tetramer complex may determine the transport system involved. Also it becomes possible that one AMPA tetramer receptor can be linked to two different kinesin motors, resulting in a "tug-of-war." Furthermore, there is a common feature for all three potential adaptor proteins of AMPA receptors, their interaction with the AMPA receptor through PDZ domains ( Fig. 1 ). This may lead to the discovery of more adaptor proteins by examining other PDZ domain containing proteins.
NMDA Receptors
NMDA (N-methyl-D-aspartate) receptors are ionotropic glutamate receptors that are non-selective ligand-gated cation channels with a high permeability for calcium. These receptors play a critical role in synaptic plasticity via calcium signaling and are key devices in learning and memory (Tang and others 1999; Tsien and others 1996) . This channel is a heterotetramer made of NR1, NR2, and, occasionally, NR3 subunits (Carroll and Zukin 2002; Dingledine and others 1999; Laube and others 1998) . These subunits contain a similar structure of four TM domains with a pore loop between TM2 and TM3 (Fig. 2) . NMDA receptors are unique since they are gated by both ligand (requiring the binding of both glycine and glutamate) and voltage (Kleckner and Dingledine 1988) . NMDA receptors are also special because of their 
GABA A Receptors
GABA A (γ-aminobutyric acid type A) receptors are ligand-gated chloride channels, which are the major inhibitory neurotransmitter receptors in the central nervous system (Whiting 1999) . These channels are pentameric channels made up of a combination of α, β, γ, δ, ε, θ, and π subunits (Bonnert and others 1999) . The most common structure is a pentamer of 2α, 2β, and 1γ subunits, which is expressed at inhibitory synapses (Tretter and others 1997) . Each subunit contains an extracellular N-terminal domain, four TM, domains and an extracellular C-terminal region (Fig. 2B) .
The β2 subunit of GABA A receptors is the most abundant β subunit in the adult brain (Li and De Blas 1997; Sur and others 2001) . Using this subunit as a bait, a yeast two-hybrid screen uncovered a new protein called GRIF-1 (GABA A receptor interacting factor 1; Beck and others 2002). GRIF-1 is an adaptor protein that contains two coiled-coil domains at the N terminal region (Fig. 3 ). GRIF-1 is the orthologue of the Drosophila protein Milton, a kinesin-binding protein involved in the transport of mitochondria (Stowers and others 2002) . The first coil of the coiled-coil domain of GRIF-1 interacts with the GABA A receptor β2 subunit intracellular loop (Fig. 3; Beck and others 2002) . KIF5C was shown to also directly interact with GRIF-1 via the first coiled-coil domain of GRIF-1 (Brickley and others 2005) . This is intriguing because of the fact that this is the same region that interacts with GABA A β2. The GRIF-1/KIF5C interaction was further narrowed to the non-motor domain of KIF5C before being specified to the cargo binding domain (aa. 827-957) of KIF5C (Fig. 3; Smith and others 2006) .
Although GRIF-1 was shown to play an important role in anterograde trafficking of GABA A receptors, how these receptors reach the synapses was unknown at that time. Twelvetrees and others (2010) showed that GABA A trafficking to the synapse was regulated by another adaptor protein, huntingtin-associated protein 1 (HAP1). HAP1 contains three coiled-coil domains in its N-terminal region (Fig. 3) . HAP1 was previously shown to directly interact with GABA A receptors via the β3 subunit ( Fig. 3 ; Kittler and others 2004). HAP1 was co-IPed with KIF5C or GABA A receptor β3 subunits. GST pulldown with purified GST-HAP1 and both KIF5A-C heavy or kinesin light chain showed all three isoforms of KIF5 can interact directly with HAP1. The site of interaction was identified using GST-HAP1 fragments to pull down GFP-KIF5 fragments, to the coiled-coil domain of HAP1 (aa. 153-320) and the C-terminal tail of KIF5B (aa. 814-963). Interfering with the HAP1-KIF5 interaction, via dominant negative voltage-sensitive block by extracellular Mg 2+ (Nowak and others 1984) . In adult hippocampus, NR2A and NR2B are the predominant NR2 subunits, and they determine many biophysical and pharmacological properties of NMDA receptors (Lau and Zukin 2007; Monyer and others 1994) .
Although mLin-10 may act as a potential adaptor protein for AMPA receptors containing GluR1, it certainly plays an important role in transporting NMDA receptors containing NR2B (Fig. 2) . LIN-10 and other two PDZdomain-containing proteins, LIN-2 and LIN-7, were initially implicated in polarized receptor localization to the basolateral membranes of vulval precursor cells in C. elegans (Simske and others 1996) . LIN-2 is a MAGUK protein similar to mammalian CASK or mLin-2 (Hata and others 1996; Hoskins and others 1996) . LIN-2 contains an N-terminal CaM kinase domain, a PDZ domain, a Src homology 3 (SH3) domain and a C-terminal guanylate kinase (GuK) domain (Kaech and others 1998) . Using a yeast two-hybrid assay LIN-2 was shown to interact with both LIN-7 and LIN-10 via aa 428-542 and aa 1-247, respectively. Conversely, LIN-7 and LIN-10 interact with LIN-2 via aa 109-126 and aa 1-581 (Kaech and others 1998) . LIN-7 is a small protein containing little more than a single PDZ domain, similar to mammalian MALS/Velis (or mLin-7), which directly binds to NR2B C-terminus (Jo and others 1999) . LIN-10 contains two PDZ domains similar to mammalian Mint1 (or mLin-10; Kaech and others 1998; Okamoto and Sudhof 1997) . The first PDZ domain within the C-terminal of mLin-10 was found to interact with the C-terminal of KIF17, and the interaction sites were mapped to aa. 650-840 and 957-1038, respectively (Fig. 2; Setou and others 2000) . This interaction allows transport of a large protein complex containing the NR2B subunit. This interaction could be disrupted by mutating the PDZ1 domain of mLin-10 or deleting the last residue of the KIF17 tail. In living neurons, KIF17 transports vesicles containing NR2B in the dendrites without entering the postsynaptic regions directly, and knockdown or up-regulation of the channel or motor shows the possibility of a shared mechanism of regulation (Guillaud and others 2003) . Disruption of the murine KIF17 gene inhibits NR2B transport, but not NR2A transport, suggesting that NR2A subunit is likely to be transported by a different molecular motor (Yin and others 2011) . Reduced level of NR2 receptors in KIF17 knockout mice likely resulted in attenuation of NMDA receptor-mediated synaptic current, early and late longterm potentiation, and long-term depression (Yin and others 2011) . Taken together, the link between ionotrophic glutamate receptors (including both AMPA and NMDA receptors) and kinesin motors appears to rely on various PDZ-domain-containing proteins (Figs. 1 and 2) . KIF5-HAP1 binding domain or HAP1 RNAi, reduces the surface expression of GABA A receptors (Twelvetrees and others 2010).
Since one channel complex often has multiple adaptor proteins, the potential interactions among these adaptors may play an important role in precisely transporting the channel complex to the correct location. For instance, one adaptor may carry the channel to a certain location, where it is picked up by another adaptor protein. Or maybe specific neuronal cell types contain only specific adaptor proteins. These are interesting questions for future investigation.
Transport of Voltage-Gated Ion Channel/Transporter Proteins via Direct Binding to Kinesin Motors Kv3 (Shaw) Voltage-Gated Potassium (Kv) Channels and Kinesin 1
Although adaptor proteins are needed to link ionotrophic neurotransmitter receptors to kinesin motors, recent studies show that some other ion channels can interact directly with their kinesin motors. Kv channels play critical roles in regulating neuronal excitability and synaptic transmission. Members of the Kv channel superfamily display not only a variety of biophysical and pharmacological properties but also distinct expression and subcellular localization patterns (Gu and Barry 2011; Vacher and others 2008) . Each Kv channel contains four voltage-sensing and pore-forming subunits. Each subunit consists of six TM domains and intracellular N-and C-terminal domains (Fig. 4A ). N-terminal T1 domains form tetramers, responsible for the proper tetramerization of Kv channel subunits within a Kv channel subfamily (Choe 2002; Li and others 1992; Xu and others 1995) . Zn 2+binding is required for assembly of T1 tetramers from Kv2, Kv3 and Kv4, but not Kv1 channels (Bixby and others 1999; Choe 2002; Jahng and others 2002) .
Kv3 channels are involved in fast spiking of some neurons, because of their unique biophysical properties, high activation threshold (about −20 mV), and rapid deactivation kinetics (Bean 2007; Rudy and McBain 2001) . Kv3 subfamily contains four members (Kv3.1 to Kv3.4). Kv3.1 has two variants because of alternative splicing at the C-terminus, Kv3.1a and Kv3.1b, which have different polarized axon-dendrite targeting patterns (Xu and others 2007) . Both the biophysical properties and axonal localization of Kv3.1 are required for maximal spiking frequency (Gu and others 2012). The polarized targeting of Kv3.1 channels is governed by a C-terminal axonal targeting motif, which binds to both the N-terminal T1 domain and ankryin G at the axon initial segment (Xu and others 2007) .
The intracellular transport of Kv3 channels is mediated by kinesin 1/KIF5, which binds to the N-terminal T1 domain of Kv3 channels (Xu and others 2010) . A pulldown from rat brain showed the N-terminal T1 domain (required for proper tetramerization) of Kv3.1 can interact with KIF5, specifically at residues 865-934 of the C-terminal cargo binding domain of KIF5 (Fig. 4A; Xu and others  2010) . The direct binding between Kv3.1 and KIF5 is supported by both domain mapping and in vitro pulldown assays with purified proteins (Xu and others 2010) . The T1 domains within the Kv3 subfamily are highly homologous. The binding between the Kv3 T1 domain and the 70 residue region in KIF5 tail is evolutionarily conserved (Xu and others 2010) . Kv3 T1 domains are highly conserved from fruit fly to human. The binding site, the 70 residue region in KIF5 tail, also shares >75% identity from fruit fly to human (Xu and others 2010) . Our data further shows that the Kv3.1-KIF5 interaction requires proper T1 tetramerization of Kv3.1 channels (Xu and others 2010) . When the Zn 2+ binding site within the T1 domain (which is necessary for proper T1 tetramerization) is mutated, KIF5 no longer binds. This Kv3.1-KIF5 interaction is necessary for transporting Kv3.1 channel proteins into the axon. This study is important because this is the first paper to demonstrate direct binding between an ion channel and kinesin motor, in which no adaptor protein is required.
Chloride/Proton Antiporter CLC-5 and Kinesin 2
CLC-5 is a member of the CLC family of voltage-gated chloride channels and chloride/proton antiporters, including nine members, CLC-1 to CLC-7, CLC-Ka, and CLC-Kb. CLC-5 has been shown to directly interact with KIF3B/kinesin 2 (Reed and others 2010). CLC-5 is a chloride/proton antiporter that is activated by depolarization of the membrane potential and it contains 18 helices with intracellular N-and C-termini ( Fig. 4B; Dutzler  2006) . CLC-5 plays an important role in renal tubular reabsorption. Malfunction of CLC-5 caused by mutations can lead to Dent's disease, an X-linked renal tubular disorder (Devuyst and others 1999; Gunther and others 1998) . A yeast two-hybrid screen using the C-terminal of CLC-5 uncovered KIF3B as an interacting partner (Reed and others 2010) . GST pulldown and co-IP experiments showed that the C-terminus of CLC-5 interacts with both the coiled-coil and cargo-binding domain of KIF3B, but does not interact with the motor domain at all (Fig. 4B ; Reed and others 2010). KIF3B siRNA was used to show that surface expression of CLC-5 is reduced when KIF3B expression is decreased. Although this interaction takes place in kidney cells, this channel directly binds to its motor in forward transport. Moreover, a recent study identified a direct interaction between Arabidopsis kinesin-like protein 1 (KP1) and voltage-dependent anion channel 3 (VDAC3) residing in mitochondria outer membranes with a yeast two-hybrid screen (Yang and others 2011) . Both KP1 and VDAC3 regulate aerobic respiration during seed germination at low temperature (Yang and others 2011) . Finally, another recent study revealed the direct binding between K +dependent Na + /Ca 2+ exchanger 2 (NCKX2) and KIF21 also with a yeast two-hybrid screen (Lee and others 2012) . The binding is critical for axonal targeting of NCKX2 (Lee and others 2012) . Therefore, kinesin transporting ion channel/transporters via direct binding is likely a major mechanism underlying the placement of these membrane proteins that are involved in cellular electrical signaling.
Kinesin-Mediated Transport of Ion Channels via Unknown Adaptors
Despite the progress of identifying the kinesin motor and adaptor proteins for some ion channels, mechanisms underlying the intracellular transport of most ion channels remain unclear. In this section, we discuss several ion channels whose kinesin motors have been identified but adaptor proteins remain unknown. Kv1 (Shaker) and Kv3 channels are two major Kv channel subfamilies that operate in axons (Gu and Barry 2011) . Our previous studies have revealed distinct mechanisms underlying their targeting into axons (Gu and Barry 2011; Gu and others 2003; Gu and others 2006; Xu and others 2007; Xu and others 2010) . The axonal targeting domain is the N-terminal T1 domain of Kv1 channels, which is evolutionarily conserved and highly homologous among the Kv1 subfamily members. When fused to either the C-terminus of CD4 or the N-terminus of the transferin receptor, T1 domains of several Kv1 channels can target these reporter membrane proteins to axonal membranes (Gu and others 2003) . The Kv1 auxiliary subunit, Kvβ2 binds to Kv1 T1 domains and may mediate Kv1 axonal targeting, since YFP-tagged Kvβ2 is concentrated in axons (Gu and others 2003) . Our studies further suggest that Kvβ2 binds to EB1, a microtubule plus-end tracking protein, and KIF3A/kinesin 2, which is required for Kv1.2/Kvβ2 axonal targeting (Gu and others 2006) . This result is further confirmed with the live cell imaging experiments, indicating that KIF3/ kinesin 2 is the major motor to anterogradely transport Kv1 channels along axons . A recent study further shows that cyclin-dependent kinase phosphorylates Kvβ2 to regulate the EB1-Kvβ2 interaction to control the axonal targeting of Kv1 channels (Vacher and others 2011) . However, it remains unknown how Kvβ2 interacts with KIF3, directly or indirectly. It is possible that Kvβ2 is the adaptor protein to link Kv1 to KIF3. Since Kvβ2, by itself or when binding to Kv1 α subunits, also forms tetramers (Gulbis and others 1999) , it will be interesting to determine whether Kvβ2 tetramerization is required for binding to KIF3. Another study shows that Kv1.3 channels can be targeted to the axon via their T1 domain's interaction with KIF5B (Rivera and others 2007). Despite the difference, tetramerization or channel assembly appears to play a critical role in the interaction of both Kv1 and Kv3 channels with kinesin motors (Gu and Barry 2011) .
Kv4.2 (Shal) is a dendritic A-type Kv channel (Rivera and others 2003) . KIF17/kinesin 2, the major kinesin motor transporting NMDA receptors, is implicated in the dendritic transport of Kv4.2 (Chu and others 2006) . To uncover the kinesin required for dendritic transport of Kv4.2, dominant-negative forms of different kinesins were examined on their effects of dendritic localization of myc-tagged Kv4.2. Only KIF17 mutant caused Kv4.2 to be confined to the soma. All other KIF constructs had no effect on the dendritic targeting of Kv4.2. KIF17 and Kv4.2 interact through the very end of the C-terminus of Kv4.2 (Chu and others 2006) . Whether an adaptor protein is needed or not remains unclear. Furthermore, a recent study shows that the level of Kv4.2 in KIF17 knockout mice remains unchanged, suggesting that other motor proteins may be involved in compensation (Yin and others 2011) .
Cyclic nucleotide-gated (CNG) ion channels are targeted to the non-motile cilia on olfactory sensory neurons. These tetrameric channels normally contain three different subunit isoforms, CNGA2, CNGA4, and CNGB1b (Bonigk and others 1999) . CNGB1b has a ciliary targeting motif that CNGA2 and CNGA4 lack (Jenkins and others 2006) . Furthermore, KIF17 was implicated in transport CNG channels by the result that a KIF17 dominant-negative construct blocked YFPtagged CNG channels from entering the cilia (Jenkins and others 2006) . However, whether this interaction is through direct binding or indirectly through an adaptor protein remains unknown. Alternatively, ion channel proteins residing within an intracellular organelle may be transported along axons indirectly via organelle's transporting machinery. Mitochondria is a good example and its axonal transport has been extensively studied (Sheng and Cai 2012) .
Ankyrin G and spectrin play critical roles in clustering ion channels and transporters though actin cytoskeleton at axon initial segments and nodes of Ranvier (see a review for details, Bennett and Healy 2009 ). Among the various Nav, Kv, and Ca 2+ channels, and transporters, that interact with ankyrin G or spectrin, Kv3.1 channel so far is only one that is known to be specifically transported by a kinesin motor (Xu and others 2010) .
Regulation of the Channel and Kinesin Interaction
Regulation of the channel and kinesin interaction is essential for the proper localization of ion channel proteins. To be correctly transported, an ion channel has to associate or disassociate with its motor at the right time in the right location. Furthermore, altered ion channel transport affects neuronal excitability and synaptic transmission. The three major types of regulation that will be discussed are the adaptor proteins regulated by other binding proteins, posttranscriptional modifications, including phosphorylation by protein kinases, and oligomerization of channel subunits during assembly.
Multiple Binding Partners of the Adaptor Protein
Besides the ion channel, an adaptor protein may have many other binding partners, which can profoundly regulate the channel transport ( Fig. 5A) . One of the adaptor proteins for AMPA receptors, GRIP-1, binds to many other proteins through various domains, including EphB2 and EphA7 receptor tyrosine kinases, and ephrinB ligands (Bruckner and others 1999; Lin and others 1999; Torres and others 1998) , as well as GRASP-1, a Ras guaninenucleotide exchange factors (Ye and others 2000; Fig. 5A ). Moreover, protein interacting with C-kinase-1 (PICK1) binds to the linker II region in GRIP-1 to regulate AMPA receptor trafficking (Lu and Ziff 2005) , whereas Phosphoinositide 3-kinase enhancer binds to its 4th PDZ domain (Chan and others 2011) and a neuronal early endosomal protein, NEEP21, binds to its C-terminus (Steiner and others 2005;  Fig. 5A ). These binding proteins may affect the function of GRIP in interaction with AMPA receptors and/or KIF5 motors to alter the transport of the channel proteins. The Liprin-α/GIT1 interaction is required for AMPA receptor targeting. Interfering with the interaction leads to a decrease in the dendritic and surface clustering of AMPA receptors . A recent study shows that mutated HAP1 can alter AMPA receptor trafficking by competing with GRIP-1 for the overlapping binding sites in KIF5 C-terminal region (Mandal and others 2011) . Therefore, an adaptor protein may be responsible for multiple different types of cargos of the kinesin motor. Binding proteins of the adaptor protein will profoundly change the transport of ion channels.
Posttranscriptional Modification
The physical link of channel-adaptor-kinesin or channelkinesin can be regulated by posttranscriptional modification. Protein phosphorylation mediated by protein kinases is a major form. Phosphorylation can take place in kinesins to alter the strength of the cargo binding. For instance, phosphorylation of Ser1029 in the C-terminal of KIF17 disrupts the interaction between KIF17 and mLin-10 (Guillaud and others 2008) . This phosphorylation event is caused by CaM kinase II. Disruption the KIF17/mLin-10 interaction leads to a release of the kinesin's cargo (Fig. 5B) .
Many examples are also available that phosphorylation takes place in adaptor proteins or ion channels. Phosphorylation of GRIP-1, at Ser 917, by an unknown kinase regulates the surface expression of GluR2, the AMPA receptor subunit (Kulangara and others 2007) . Phosphorylated GRIP-1 interferes with trafficking mechanism for surface expression of GluR2, whereas the unphosphorylated GRIP-1 does not. Persistent phosphorylation of GRIP-1 by PKC and Src tyrosine kinase reduces the AMPAR-GRIP-1 interaction, as a result, AMPA receptor targeting to synapses is reduced in cocaine-induced long-term depression (Bakshi and others 2009) . PICK1 is a protein kinase C (PKC) α adaptor protein that interacts with GRIP-1. If this interaction is disrupted the S880 phosphorylation of GluR2 reduces surface expression of GluR2 (Lu and Ziff 2005) . Therefore the PICK1/GRIP-1 interaction may be a key regulator in AMPA receptor trafficking.
Other types of posttranscriptional modifications may also be involved. Palmitoylated GRIP-1 is targeted into trafficking endosomes in dendrites and links endosomes to kinesin motors, thereby enhancing AMPA receptor recycling (Thomas and others 2012).
Channel Assembly and Transport by Kinesin Motors
Channel assembly through oligomerization is the third important strategy to regulate the transport of channel protein complexes by kinesin motors. One prominent example is the interaction between Kv3 channels and KIF5 motors (Xu and others 2010) . We have demonstrated that only properly formed Kv3.1 T1 tetramers, but not monomers, interact with KIF5 motors (Fig. 5C ; Xu and others 2010). This assembly-dependent transport mechanism ensures that only the functioning channel complexes to be transported into axons or cell membranes. On the other hand, heteromultimerization of channel protein complex may play an important role in determining the specificity of kinesin motor loading. For instance, GluR2/3 binds to KIF5 via GRIP-1, whereas GluR1 binds to KIF17 via mLin-10. This may have significant physiological consequences, given that the presence of GluR2 eliminates the Ca 2+ permeability. Indeed, in cerebellar synapses, repetitive synaptic activity triggers loss of synaptic GluR2-lacking AMPA receptors by selectively disrupting their interaction with GRIP-1 and that PICK1 drives activitydependent delivery of GluR2-containing receptors (Liu and Cull-Candy 2005) . Therefore, it is possible that KIF5 transports AMPA receptors that are not permeable to Ca 2+ , whereas KIF17 transports Ca 2+ -permeable glutamate receptors, including both AMPA and NMDA receptors.
Future Perspectives
Despite the progress in determine how ion channels are transported by different molecular motors, it remains unclear for most ion channel proteins regarding how they are transported intracellularly, and whether or not an adaptor protein is needed. In particular, much less is known about how ion channel proteins are transported retrogradely along microtubules by dynein motors. It is shown that Kv1.5 interacts with dynein complex through its N-terminal SH3-binding domain during endocytosis (Choi and others 2005) , but the systematical study regarding the channel-dynein interaction is lacking. Furthermore, ion channel proteins can also be transported by myosins that move along actin filaments. Therefore, an immediate question in this research field is to understand how the cargos containing ion channel proteins are specifically loaded to different microtubule-or actin-based transport machinery. Using unbiased screening approach and/or candidate approach, to address the question should be highly feasible, since the number of kinesin, dynein and myosin genes is limited.
To understand the physiological and pathological consequences of the regulation of ion channel transport also represents an important research topic for future studies. Activity-dependent up-regulation of kinesin heavy chain in the neurons of the Gill-withdrawal reflex of Aplysia results in enhanced anterograde transport machinery (Puthanveettil and others 2008) . In fact, the up-regulation is both necessary and sufficient for the induction, but not for the persistence, of long-term facilitation by repeated application of serotonin (Puthanveettil and others 2008) . In diseases, as discussed earlier, HAP1 is an adaptor which affects GABA A receptor expression when its interaction with KIF5C is perturbed. A recent article, however, examined the role HAP1 and mutant huntingtin play on AMPA receptor trafficking. When mutant huntingtin interacts with HAP1 this disrupts the GluR2/ HAP1/KIF5 complex which leads to impaired trafficking of AMPA receptors along dendrites (Mandal and others 2011) .
To ensure the precise transport of different ion channel proteins into proper subcellular compartments, a neuron has a variety of strategies to specifically load cargos to kinesin motors, via different adaptor proteins or direct interaction. The loading is also a highly regulated process. Taken together, this research field is to address a fundamental question in neuroscience, how mechanical forces provided by molecular motors are coupled to electrical signaling provided by various ion channels. This research also contributes to understanding the pathogenic mechanisms in different neurodegenerative diseases, in which axonal transport deficits are involved to ultimately alter the electrical and chemical functions of axons.
